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Cold atoms

Cold atoms: BCS-BEC crossover
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(@CILEITUEN  Ultracold atoms

Ultracold atomic gases

What is ultracold atomic gases?
@ Ultracold: temperature ~100nK
@ Dilute: number density ~ 10*!-10'*cm—3
© Tunable interactions
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= Strongly correlated systems can be established.
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(EETE  BCS-BEC crossover

BCS-BEC crossover

System: two-component fermions with an attractive interaction
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Important!

Two kinds of superfluid, BCS-like and BEC-like ones, are connected
as the coupling as changes. (Eagles 69, Leggett 80)
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Theoretical challenges in BCS-BEC crossover

@ Determination of 7T in the whole coupling region.
@ Thermodynamic properties: especially at the unitarity limit (kras)~! = 0.

T/gF Unitarity Limit

_,BEC of free
Bose gas

0 (krag)™

(Nozieres and Schmitt-Rink 1985,..)
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Cold atoms

Formation of dimers

Positive scattering length regions (ag > 0): bosonic bound states (dimers)

atom
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Formation of dimers

Positive scattering length regions (as > 0): bosonic bound states (dimers)

atom

Purpose of this talk
Describe BEC of dimers without auxiliary field methods.
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Functional renormalization group

Functional renormalization group (FRG)
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Functional Renormalization Group (FRG)

What is FRG?: Functional realizations of Wilsonian renormalization group wison &

Kogut 1974, Wegner & Houghton 1973,...)

Effective couplings flow as a scale parameter k changes:

A space of effective
couplings Classical theory

k — oo

Flow in vac.

k—0

Flow in matters
k—0
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[N EINENIIINEI PRI Wetterich equation

Wetterich equation
Schwinger functional Wy with an IR regulator Ry:

exp(Wa[J /D¢GXP< ¢]_%¢'RA'¢+J'¢>-

The 1PI effective action I'is introduced via the Legendre trans.:

1
Lalel + 59 Ba - = Jlel - o = WalJ[4l,
which obeys the flow equation (wetterich 1993, Ettwanger 1994, Morris 1994)
OaRA

1
OaTp = 5

[62T'p /0pdp + Rp] ™1

Properties of I'p: T'A — S as Ry — o0, and 'y — T" as Ry — 0.
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BEC without bosonic auxiliary fields

Description of BEC without bosonic fields
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BEC without bosonic auxiliary fields BESIEREER VT

Scattering physics in vacua

Structures of RG flow of the effective fermion-fermion 4-point coupling I‘,(f):
12
—or () = :@:
1 2

(5k = 8kRk%)

In case ag > 0, a dimer pole appears in F,(f):

o (1 +/1+mad(iPO + %))

F(4) P) =
e (P) m?ag 2(iPY + P2/4m)

Chemical potential of fermions = half of the binding energy 1/4m,.a%.
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(e by repeiis
Many-body physics: BEC of dimers

Energy scales: Binding energy 1/ma? > n?/3
Self-energy correction X:

o High-energy k> n'/3= % ~ 0 (RG flow in vacuum)

1/3

@ Low-energy k >~ n'/° = X appears
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(e by repeiis
Many-body physics: BEC of dimers

Energy scales: Binding energy 1/ma? > n?/3
Self-energy correction X:
o High-energy k> n'/3= % ~ 0 (RG flow in vacuum)

1/3

@ Low-energy k ~n'/° = X appears

We take into account the self-energy correction in low-energy regions:

167/as
Y(p) = ~p—
®) —>Q>— Vipd —p? — 1/a%

p p

Superfluid transition temperature : TcBEC ~ 0.218¢F.

Consequence J

Free bosonic picture and its BEC are obtainable only with fermions using FRG.
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Summary & Perspectives

Summary & Perspectives

Summary:
@ Separation of energy scales is a powerful idea in studying physics.

o Without any auxiliary fields, BEC of bound states can be established if we
use a nonperturbative way.

Perspectives:
@ Taking into account interactions between bound states.

@ Application of this formalism to competition of different orders.
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